Abstract. Conventional non-destructive techniques for inspection of weld in pipelines require significant test time and high cost. In this paper, a study in the application of ultrasonic guided waves to long range inspection of the pipeline is presented. The characteristics and setup of a long range guided wave inspection system and experimental results in pipes of various diameters are introduced. The experimental results in mock-up pipes with cluster type defects show that the limit of detectable wall thickness reduction with this guided wave system is 2~3% in the pipe cross section area and the wall thickness reduction of 5% in cross section area can be detected when actual detection level is used. Therefore, the applicability of the ultrasonic guided wave technique to long range pipeline inspection for wall thickness reduction is verified.
Introduction
Recently, a guided wave system for long range pipeline inspection has been developed and commercialized by Guided Ultrasonic Ltd. and Plant Integrity Ltd. respectively. SWRI in USA also has developed a pipeline inspection system, in which the guided waves are generated by the magnetostrictive sensors and the inspection system has been successfully applied to quick long range inspection. [1] [2] [3] In this paper, a preliminary study for detection and evaluation of thickness reduction in a pipe due to corrosion using guided waves is presented. The guided wave system for long range pipeline inspection developed by Guided Ultrasonic Ltd., UK was applied to mock-up pipe tests with cluster type defects and the location and rate of thickness reduction were experimentally verified based on the dispersive characteristics and wave structure of the modes
Characteristics of Guided Waves
Waves in hollow cylindrical structures such as a pipe can be derived from Navier's equation (Eq. 1) with the boundary conditions of free-stress on outer and inner surface in Fig. 1 
where u is displacement vector, ρ is density, µ and λ are Lame constants. 
The stress components in each direction of the cylindrical coordinate can be expressed as following,
, ξ is the wave number, r is radius, n is the order in circumferential direction [4] .
When the boundary conditions (Eq. 2) is applied to each stress component (Eq. 3, 4, and 5), the following characteristic equation is obtained. This equation is called the matrix equation and the dispersion curves in the pipe can be obtained by solving Eq. 6.
The guided wave inspection system used in this study generated and received the torsional mode of T(0,1), in the frequency range of 20 ~ 60 kHz. (less than the cutoff frequency of T(0,2), 332 kHz). Fig.  2 (a, b) shows the dispersion curves of the phase and group velocity in a hollow cylinder. 
Experimental Setup and Specimens
Test Specimens. Fig. 3 shows the mock-up pipes with various dimensions. The first pipe specimen is a steel pipe of 508 mm OD, 19 mm wall thickness, and 16 m length. A weld is located in the middle of the pipe length and two hangers are located on both sides of the weld as shown in Fig. 3(a) . A 
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Advanced Nondestructive Evaluation I simulated defect of thickness reduction is machined in the weld. Fig. 3(b) shows the second pipe specimen of 38 mm OD, 5 mm wall thickness, and 7.7 m length. 2 ~ 10 mm deep drill hole and 2 mm deep notch defects are machined as shown. The third pipe specimen is comprised of two different OD pipes as show in Fig. 3(c) . The OD and wall thickness of the middle pipe are the same as the second pipe specimen (Fig. 3(b) ). Larger pipes of 51 mm OD and 6 mm thickness are welded on both sides of the middle pipe. A 4 mm deep and 20~50 mm long notch and 2 ~ 4 mm diameter drill hole defect are machined on the left side of the large pipe. The large pipe ion the right side has an elbow and a cluster type of 3 mm depth and 2~10 mm diameter is located after the elbow area. Test Equipment. Torsional modes were generated in pipe specimens using the long range guided wave inspection system, Wavemaker SE16, Guided Ultrasonic Ltd. Fig. 4(a) shows the configuration of test setup. The test setup is comprised of a pulse generation and reception unit and a portable computer with control software, and an array transducer. Fig. 6 is the array transducer for the small and large OD pipe, respectively. Fig. 4(b) is the array transducer for a pipe of 508 mm OD and available frequency range of 20 ~ 28 kHz. Fig. 4(c) is the array transducer for a pipe of 38 mm OD and available frequency range of 45 ~ 60 kHz. Both array transducers generate guided waves of torsional mode in both directions along the pipe at the same time. Test Results and Discussions . Fig. 5 shows the final inspection plots from the test pipes. The green vertical line is the location of the array transducer. The weld, hangers and flanges are detected as a peak in the signal at relative distance from the transducer(as shown in Fig. 5(a) ). The black and red lines in the signal indicate the axisymmetric and non-axisymmetric mode, respectively. Thus, if thickness change or defect exists uniformly along the circumferential direction, the amplitude of axisymmetric mode is dominant in the signal. On the contrary, if non-uniform thickness change due to local corrosion or erosion exists along the circumference of the pipe, the amplitude of both axisymmetric and non-axisymmetric modes increases. Therefore, the ratio of the amplitudes of black and red line can be used as an indicator of local cross-section loss due to corrosion or erosion as shown in Fig. 6 . The ratio (red line to black line) equal to 1 means that the locally concentrated thickness change due to defects. Fig. 5(b) is the test result from the pipe specimen of 38 mm OD and 7.7 m length. The defect signal of 4 mm drill hole and 2 mm notch on the left side of the transducer and 2~10 mm drill hole on the right side are detected. In this inspection system, defect signal can be identified using the detect level (call level), which is set at -26dB of the amplitude of the flange. When the detect level is used, the defect higher than 5% of cross-section loss is detectable. According to the test result, it is found that the limit of detection of the drill hole is 2 ~ 3% of cross section loss. The defects in the pipe specimen with two different ODs also can be detected as show in Fig. 5(c) .
The amplitude of the drill hole defect increases linearly as the drill hole size is lager. However, the amplitude from the notch defect is not as clear as that of the drill hole because the notch is located in the circumferential direction. 
Conclusions
In this paper, a study on applicability of the guided wave inspection system, Wavemaker SE 16, to detect notch and drill hole type defects in various pipes was presented. The following conclusions are obtained from experiments.
1) It was feasible to obtain the information on location and circumferential uniformity of weld and simulated defects in the pipe using the long range guided wave inspection system, Wavemaker SE 16 (Guided Ultrasonic Ltd.) 2) It was found that the minimum detectable defect with the guided wave inspection system is defects with 2 ~ 3% of cross section loss. When the detect level preset in this inspection system is used, the defect with higher than 5% of cross-section loss is detectable.
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